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We present a resonant inelastic scattering (RIXS) study using CuB2O4, a lattice of CuO4 plaque-
ttes electronically isolated by B+3 ions. The observed Cu K-edge spectra show a small number of
well-separated features, and the simple electronic structure of CuB2O4 allows us to explore RIXS
phenomenology. We find a low energy feature that cannot be attributed to the same charge-transfer
excitation discussed in other cuprates, and is likely a d→d transition thought to be forbidden under
common considerations of K edge RIXS.
PACS numbers: PACS
New experimental techniques are often born from the
advent of new technology, as is the case of high-energy
resolution (∼100 meV) resonant inelastic X-ray scatter-
ing (RIXS), which has been enabled by the development
of the diced analyzer crystal and other synchrotron ad-
vances. RIXS is unique in its atomic-species-specific and
momentum-selective ability to probe electronic excita-
tions in strongly correlated electron systems [1–8] and
can, in principle, couple to both local [1, 2, 8] and ex-
tended [3–5] electronic excitations, including dd excita-
tions [6] and coupled magnetic excitations [9]. Unfor-
tunately, detailed quantitative analysis of experimental
data has so far been limited in scope.
In this Communication, we present a comprehen-
sive experimental and theoretical study of RIXS scat-
tering at the Cu K edge of the model quasi-zero-
dimensional compound CuB2O4. Among our findings
is a low-energy feature which cannot be attributed to
the charge-transfer excitation widely discussed in higher-
dimensional cuprates[2–5], but more likely represents a
dd excitation. This anomaly would be nominally symme-
try forbidden according to conventional theory. The iden-
tification of an unexpected RIXS scattering channel has
potential implications to higher-dimensional compounds,
such as the high-Tc superconductors, and for the selec-
tion rules of indirect RIXS in general, opening avenues
for the interpretation of existing data.
CuB2O4 consists of unlinked CuO4 subunits that are
isolated electronically by B+3 ions, while the Cu retain
a nominal +2 valence, and serves as a ‘molecular’ analog
to the ‘CuO2 planes’ of the high-Tc parent compounds.
CuB2O4 forms an interesting magnetic phase [10, 11] and
exhibits a remarkably strong magneto-optical effect [12],
but these phenomena occur below 25 K and involve very
low-energy (magnetic) degrees of freedom.
Figure 1a shows a 〈001〉 view of part of the crystal
structure of CuB2O4, which contains two crystallograph-
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FIG. 1: (Color) (a) Schematic structure of CuB2O4, with
undistorted Cu(1) plaquettes (red) and distorted Cu(2) pla-
quettes (blue). B atoms are not shown. (b) Elementary CuO4
unit and local coordinate system. (c) XPS spectrum. Lines
are the result of a fit to Lorentzian lineshapes and a constant
slope plus broad Lorentzian to represent the background. (d)
XAS (green line) and integral of corrected RIXS intensity
(symbols) versus incident photon energy.
ically inequivalent CuO4 plaquettes. Figure 1c shows Cu
2p 3
2
and 2p 1
2
X-ray photoemission spectroscopy (XPS)
spectra collected on a sample cleaved in-situ under 10−8
torr. Each of the four main features is composed of two
peaks, with the stronger peak at higher binding energy,
and an intensity ratio of about 1:2. The data are well de-
scribed assuming two sets of four peaks arising from the
Cu(1) and Cu(2) sites, respectively, with a shift of ∼3.2
eV which could reflect a chemical shift between these
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2sites. The two peaks within a multiplet (e.g., 2p 3
2
) and
for one particular site (e.g., Cu(1)) represent the over-
lap of core hole states with the ground state [13]. The
stronger peak at lower binding energy corresponds to
the “well-screened” (WS) state with mostly d10L char-
acter, while the other peak corresponds to the “poorly
screened” (PS) state with predominant d9 character. An
identification of related core hole states is possible in the
higher-dimensional systems, where it is known that non-
local (inter-plaquette) screening channels play a role [13].
These core hole states also impact the X-ray absorption
spectrum (XAS) in Figure 1d, with additional influence
from the 4p density of states. The XAS final states are
the intermediate states of the RIXS process.
RIXS spectra were taken at the JAEA beamline
BL11XU at SPring8, with incident polarization along
the tetragonal c axis, and energy resolution around 380
meV. Figure 2a shows line scans of the RIXS intensity
corresponding to several different momentum transfers,
demonstrating the nondispersive (i.e., local) character of
electronic excitations and corroborating our classification
of CuB2O4 as a quasi-zero-dimensional system. The un-
usual decoupling of momentum and angles enables us to
isolate the intrinsic angle dependence of RIXS scattering
in Fig. 2b, with angles defined in the inset. The inten-
sity minimum follows the c-axis direction, suggesting an
influence of the crystal orientation and polarization on
signal level, perhaps due to 4p electronic effects. A de-
tailed understanding of these phenomena could aid future
experimental work.
Figure 2c shows the incident-energy-dependent RIXS
spectra. In contrast to the planar cuprates[4, 5], only a
small number of features appear as a function of trans-
fered energy. The strongest feature appears as a diagonal
line and corresponds to a constant scattered photon en-
ergy of ∼8976 eV. This fluorescence feature is the Kβ2,5
emission line, which is understood to arise from processes
including 3d→1s radiative transitions. The related peak
at 10.9 eV is described with a calculation below.
Less understood prominent features having Raman-
Stokes dispersion appear at about 1.9 and 6.8 eV energy
transfer. We assign the spectral weight of the prominent
∼6.8 eV feature to the molecular orbital (MO) excita-
tion, in accord with previous work [14, 15]. This ex-
citation forms a long streak in the incident-energy di-
rection, a property that can be understood within a
model including only two states of a CuO4 plaquette
[13]: the Cu 3dx2−y2 (|d9〉) and the x2-y2 combina-
tion of bonding O 2pσ orbitals surrounding the central
Cu atom (|d10L〉). When hybridization is included in
this model, the ground and excited states are formed
as |g〉=cosα|d10L〉+sinα|d9〉 and the orthogonal state
|MO〉. In the presence of a Cu 1s core hole, a new set
of states |WS〉 and |PS〉 are formed. One can show the
identity 〈MO|WS〉〈WS|g〉=−〈MO|PS〉〈PS|g〉 is inde-
pendent of the hopping or core hole interaction strength.
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FIG. 2: (Color) (a) Momentum independence of the raw
RIXS spectra for ~ωin=8992 eV. Various spectrum compo-
nents are indicated. (b) Angle dependence of the MO RIXS
signal for three orientations (φ) of the crystal (~ωin=8989
eV and ∆E=6.75 eV). The lines indicate fits to the function
A+B cos2(2θ − φ0). (c) False color plot of RIXS spectrum
with 2θ=93◦, φ=0, around Q=(9,0,4). Data were corrected
for self-absorption using a polarization-dependent mass ab-
sorption derived by merging the calculated value with the
measured XAS spectra in the region of the edge. This step
produces a spectrum which is closer to the RIXS cross section,
but with systematic errors largest when the incident and/or
final energy is near the edge at 8985 eV.
This results in two equal-sized contributions to the in-
elastic signal which interfere constructively for incident
photon energy EWS<~ωin<EPS , giving the appearance
of the streak-like pattern in Figure 3a. The 4p crystal
field splitting produces two offset copies of this pattern,
further elongating this streak, which is born out by our
more advanced treatment below (Fig 3b). These prop-
erties are expected within conventional theoretical ap-
proaches.
In the energy transfer direction, the near-Gaussian line
shape of the MO feature (Fig 2a) is unexpected for a
long-lived excitation weakly coupled to its environment,
and is unlikely to arise from inhomogeneous broadening
in our narrow mosaic (0.002◦) crystals. One explanation
is a Franck-Condon (F-C) effect, known to be present
in C K edge lineshapes[16]. Optical absorption spec-
tra in CuB2O4[17] (Figure 4a), show sharp (∼1 meV)
zero-phonon lines associated specifically with dd excita-
tions and many F-C sidebands. These arise when an
electronic configurational change shifts the molecular po-
tential before the nuclear coordinates can adjust, and
show that at least between the ground and final states
of optical absorption, electron-phonon coupling is quite
strong in CuB2O4. The Gaussian line shape of the MO
3feature (Fig 2a) suggests that these F-C effects may
play a role in transition metal K-edge RIXS, an effect
that has not been directly observed to our knowledge.
In a simple treatment, the deconvolved width ΓG∼0.76
eV would suggest that 2×0.76/0.05∼30 vibrational lev-
els are excited at this electronic transition, assuming a
typical phonon frequency ~ω0∼50meV. This is in basic
agreement with the findings of angle-resolved photoemis-
sion on high-Tc parent compounds[18]. F-C analysis of
the MO feature in other systems could explain observed
anomalies in the bond length dependence of the MO ex-
citation energy peak across cuprate systems[15].
The 1.9 eV feature resonates at 8992 and 8998 eV,
has an energy-resolution-limited width, and is stronger
than any similar feature reported previously [14]. Higher-
dimensional insulating systems (1D [14], 2D [3], 3D [19])
exhibit a feature assigned to a charge-transfer excitation
near 2 eV. However, for CuB2O4 such a nonlocal process
should be absent due to the lack of electronically con-
nected neighboring plaquettes. This excitation instead
represents a local Cu dd excitation. The unambiguous
appearance of this type of excitation, which does not be-
long to the same representation as the ground state, is
unexpected in a conventional treatment of K-edge RIXS,
and therefore suggests the opening of a new scattering
channel.
We have tested the possibility that trivial plaquette
distortion and broken inversion symmetry can relax the
selection rules of the RIXS process, rendering these tran-
sitions allowed. The Cu(2) plaquettes are distorted, but
the Cu(1) sites are regular square planar units (exact D4
symmetry). In a tight-binding picture of the 4p band con-
sistent with our modeling, the geometry in Figs. 2b and
4c (i||001 and Q=(9,0,4)) would selectively highlight
the undistorted sites at low incident energy (~ωin<8992
eV) and the distorted plaquettes at high incident energy
(~ωin>8990 eV). Based on this information alone, one
could argue that high incident energy peaks of the dd
resonance arise mainly from the Cu(2) plaquette distor-
tion. Figures 4d-f compares the resonance profile of the
dd excitation with the same collected in a different ge-
ometry, (Fig 4c), where half of the distorted plaquettes
resonate at low incident energy and the remaining pla-
quettes resonate at high incident energy. The negligible
polarization dependence of the resonance profile on the
scattering site implies that the dd excitation is a robust,
one-plaquette property, rather than resultant from Cu(2)
distortions or inversion asymmetric crystal environments,
which are very different for the two plaquette types.
We have performed an extended cluster calculation,
now considering all orbitals of the valence system (O
2pσ, 2ppi, 2pz, and Cu 3d eg and t2g orbitals) and ‘core-
spectator’ system (Cu 1s, 4px, 4py, and 4pz orbitals). We
used a Hilbert space made of total spin +1/2 states with
zero, one and two holes in the valence system, and respec-
tively one, two and three electrons in the core-spectator
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FIG. 3: (Color) (a) Calculated RIXS spectrum for the sim-
ple CuO4 plaquette model. (b) Extended calculation of RIXS
spectra, including all Cu 3d and O 2p orbitals, in the experi-
mental configuration appropriate to one unit cell of CuB2O4
(12 plaquettes).
system [22]. With the numerical eigendata solutions of
this system, we calculate the RIXS cross section of the
12 identical, decoupled plaquettes (Fig 1a) per unit cell
using the Kramers-Heisenberg cross section:
d2σ
dωdΩ
∝
∑
f,ν
|〈f |Gν |g〉|2δ(Ef − Eg − ~(ωin − ωsc)) (1)
with the scattering operator for final photon polarization
component ν ∈ {pi, σ} given as
Gν = εˆsc,ν · J†(ksc)
∑
i
|i〉〈i|
~ωin − (Ei − Eg)− iΓ εˆin · J(kin).
~ωin(sc), εˆin(sc,ν), and kin(sc) are the energy, polariza-
tion and momentum of the incident (scattered) photon,
respectively. J(k)=
∑
j −i∇jeik·Rj is the momentum-
dependent current operator, which we evaluate numer-
ically for the differently oriented plaquettes using tabu-
lated Hartree-Fock atomic wavefunctions[20]. The core-
hole decay rate Γ is set to 1 eV and the δ function in (1)
is replaced by a Gaussian of width γ=0.2+0.06(Ef −Eg)
eV.
Figure 3b shows the result of the calculation, which
produces all observed features except the 1.9 eV excita-
tion. The MO feature is robust, forming a long verti-
cal streak, as expected. The extended basis additionally
allows for features associated with 4p electrons in the
final state, similar to the 10.9 eV and Kβ2,5 features.
These features involve dipolar absorption and quadrupo-
lar emission. With this identification, we estimate the
ratio R=IMO/IKβ2,5 , reflective of the dipole-dipole RIXS
intensity relative to the dipole-quadrupole intensity, and
find Rexp<0.1 and Rcluster>6. Such a large disparity
4does not come from errors in estimating the matrix ele-
ments, but can be understood in terms of dynamics be-
yond a one-plaquette cluster model. Because the 4p pho-
toelectron may hop off-site within a core-hole lifetime
(t4p>Γ), the likelihood for dipolar recombination is re-
duced, while the quadrupolar recombination channels are
uneffected. This observed suppression of intensity points
to a potentially strong material and pressure dependence
of the RIXS scattering strength.
The appearance of the 1.9 eV feature requires fur-
ther consideration beyond the simplest cluster model.
Simple Cu 4px,y-O 2pσ hybridization effects are insuffi-
cient, but Coulomb interaction between the planar 4p and
2pσ orbitals can break the selection rule of conventional
RIXS in the intermediate state[21], producing a dd exci-
tation. We have tested this in the cluster, and find that
U4px,y−2pσ∼1.5eV can produce approximately the cor-
rect relative strength between the dd and MO features,
at the correct incident energy (Figure 4g). Alternatively,
lattice vibrations can break symmetry[16]. While we can-
not specify the precise cause of the 1.9 eV RIXS scatter-
ing in CuB2O4, we point out that the relative strength
of the excitation at resonance (Idd/IMO∼0.067) is similar
in magnitude to the relative strength of the 2.2 eV fea-
ture in La2CuO4 (I2.2eV /ITotal∼0.08). This opens the
possibility that the same symmetry-breaking process is
at work in both cases.
Our measurements have allowed us to identify three
distinct RIXS channels in CuB2O4, and we rank them
here by relative strength: (i) the dipole-quadrupole chan-
nel responsible for the Kβ2,5 and 10.9 eV features, (ii)
the ‘core-only’ channel responsible for the MO feature,
and (iii) the unidentified channel responsible for the dd
excitations. Future theoretical and higher resolution ex-
perimental work could help identify the source of channel
(iii) and address the symmetry of charge-transfer excita-
tions in the high-Tc superconducting systems.
We would like to acknowledge valuable conversations
with J. P. Hill, S. Johnston, Y.-J. Kim, B. Moritz, B. S.
Shastry, and F. Vernay. This work was supported by the
DOE under Contract No. DE-AC02-76SF00515 and by
the NSF under Grant No. DMR-0705086.
[1] J. P. Hill, C. C. Kao, W. A. L. Caliebe, M. Matsubara,
A. Kotani, J. L. Peng, and R. L. Greene, Phys. Rev. Lett.
80, 4967 (1998).
[2] P. Abbamonte, C. A. Burns, E. D. Isaacs, P. M. Platz-
man, L. L. Miller, S. W. Cheong, and M. V. Klein, Phys.
Rev. Lett. 83, 860 (1999).
[3] M. Z. Hasan, E. D. Isaacs, Z. X. Shen, L. L. Miller,
K. Tsutsui, T. Tohyama, and S. Maekawa, Science 288,
1811 (2000).
[4] L. Lu, G. Chabot-Couture, X. Zhao, J. N. Hancock,
N. Kaneko, O. P. Vajk, G. Yu, S. Grenier, Y. J. Kim,
1.4 1.6 1.8 2.0 2.2 2.4
0
200
400
600
800
1000
(b) || 001 (c)
Cu(1)
Cu(2)
xy xzyz z2
xy xzyz z2
1.0 2.0 3.0
0
10
20
30
40
50
Energy Transfer (eV)
RI
XS
 In
ten
sit
y (
co
un
ts/
s)
8989
8988
8990
8991
8992
8993
8994
8995
8996
8997
8998
8999
(e) (f)
1.0 2.0 3.0
ħωin
a
c
a
c
|| 100
|| 100|| 001
(d)
8980 8990 9000 90100
1
2
3
4
Int
en
sit
y (
co
un
ts 
eV
/s)
Incident Energy (eV)
|| 001
|| 100
(a)
Ab
so
rpt
ivi
ty 
(cm
-1 )
Energy (eV)
iˆn iˆn
iˆniˆn
iˆn
iˆn
iˆniˆn
FIG. 4: (a) Optical absorption from [17], with assignments
of the crystal field levels. (b,c) Cu(1) (red) and Cu(2) (blue)
plaquette orientations in the two scattering geometries. (d)
Resonance profile of the dd excitation in the two geometries.
(e,f), The dd excitations energies (vertical lines) together with
the low-energy feature seen in the RIXS data. (c) shown as
vertical lines. Data in the i||100 geometry were scaled to
give the same Kβ2,5 fluorescence intensity as in the ˆin||001
geometry.
D. Casa, et al., Phys. Rev. Lett. 95, 217003 (2005).
[5] L. Lu, J. N. Hancock, G. Chabot-Couture, K. Ishii, O. P.
Vajk, G. Yu, J. Mizuki, D. Casa, T. Gog, and M. Greven,
Phys. Rev. B 74, 224509 (2006).
[6] G. Ghiringhelli, N. B. Brookes, E. Annese, H. Berger,
C. Dallera, M. Grioni, L. Perfetti, A. Tagliaferri, and
L. Braicovich, Phys. Rev. Lett. 92, 117406 (2004).
[7] C. Dallera, M. Grioni, A. Shukla, G. Vanko, J. L. Sarrao,
J. P. Rueff, and D. L. Cox, Phys. Rev. Lett. 88, 196403
(2002).
[8] P. M. Platzman and E. D. Isaacs, Phys. Rev. B 57, 11107
(1998).
[9] J. P. Hill, G. Blumberg, Y. J. Kim, D. S. Ellis, S. Waki-
moto, R. J. Birgeneau, S. Komiya, Y. Ando, B. Liang,
R. L. Greene, et al., Phys. Rev. Lett. 100, 097001 (2008).
[10] G. A. Petrakovskii, K. A. Sablina, D. A. Velikanov, A. M.
Vorotynov, N. V. Volkov, and A. F. Bovina, Cryst. Rep.
45, 855 (2000).
[11] B. Roessli, J. Schefer, G. A. Petrakovskii, B. Ouladdiaf,
M. Boehm, U. Staub, A. Vorotinov, and L. Bezmater-
nikh, Phys. Rev. Lett. 86, 1885 (2001).
[12] M. Saito, K. Taniguchi, and T. Arima, J. Jap. Phys. Soc.
77, 013705 (2008).
[13] M. A. van Veenendaal, H. Eskes, and G. A. Sawatzky,
Phys. Rev. B 47, 11462 (1993).
[14] Y. J. Kim, J. P. Hill, F. C. Chou, D. Casa, T. Gog, and
C. T. Venkataraman, Phys. Rev. B 69, 155105 (2004).
[15] Y. J. Kim, J. P. Hill, G. D. Gu, F. C. Chou, S. Wakimoto,
R. J. Birgeneau, S. Komiya, Y. Ando, N. Motoyama,
K. M. Kojima, et al., Phys. Rev. B 70, 205128 (2004).
[16] F. Hennies, S. Polyutov, I. Minkov, A. Pietsch, M. Na-
gasono, F. K. Gel’mukhanov, L. Triguero, M. N. Pi-
5ancastelli, W. Wurth, H. Agren, et al., Phys. Rev. Lett.
95, 163002 (2005).
[17] R. V. Pisarev, I. Sanger, G. A. Petrakovskii, and
M. Fiebig, Phys. Rev. Lett. 93, 037204 (2004).
[18] K. M. Shen, F. Ronning, W. Meevsana, D. H. Lu, N. J. C.
Ingle, W. S. Lee, L. L. Miller, Y. Kohsaka, M. Azuma,
M. Takano, et al., Phys. Rev. B 75, 075115 (2007).
[19] G. Doring, C. Sternemann, A. Kaprolat, A. Mattila,
K. Hamalainen, and W. Schulke, Phys. Rev. B 70, 085115
(2004).
[20] J. R. Richardson, R. R. Powell, and W. C. Nieupoort, J.
Chem. Phys. 36, 1057 (1962).
[21] F. Vernay, B. Moritz, I. S. Elfimov, J. Geck,
D. Hawthorn, T. P. Devereaux, and G. A. Sawatzky,
Phys. Rev. B 77, 104519 (2008).
[22] Parameters used are: (pdσ)=1.54 eV, (pdpi)=(ppσ)=1
eV, (pppi)=0.3 eV, d-p=4.0 eV, Q=7.0 eV. The local
tetragonal crystal field splitting 4px,y -4pz=5.56 eV, and
4pz=10.1 eV.
